In order to better understand the hemodynamic consequences of the use of positive end-expiratory pressure (PEEP) in patients in the seated position, 2 2 patients undergoing neurosurgical operations were monitored with radial arterial and thermistor-tipped Swan-Ganz catheters both before and during 10- Key Words: ANESTHESIA-neurosurgical. VENTI-LATION-positive end-expiratory pressure. HEARTmyocardial function. EMBOLISM, AIR-paradoxical.
Positive end-expiratory pressure (PEEP) has been advocated for neurosurgical patients undergoing operations in the seated position, both as a preventive measure to avoid air embolism (1,2) and as acute treatment when air embolism is suspected (3,4). In these situations, it has been proposed that an increase in venous pressure induced by PEEP might help to prevent entrainment of air into the circulation or to stop air entrainment after air embolism has been detected. The use of PEEP in this setting, however, is controversial, because it has been suggested that such an increase in venous pressure might promote paradoxical (systemic) air embolism if the patient were one of the 25-35% of the population with an asymptomatic foramen ovale (5,6), thus tending to drive air bubbles from the right atrium into the left atrium and bypassing the filtering function of the lungs (7, 8) . Although the hemodynamic effects of PEEP recently have been examined extensively in supine animals (9-ll), human volunteers (12) , and patients with cardiorespiratory disease (13) (14) (15) , these studies have focused primarily on changes in cardiac output and ventricular performance without regard to changes in interatrial pressure gradient.
This study was undertaken to examine the hemodynamic impact of PEEP in anesthetized patients in the seated position: a situation in which decreased lung blood volume due to the effect of gravity (16) might have unanticipated effects on the cardiovascular response to PEEP and in which changes in interatrial pressure gradient due to posture may predispose patients to paradoxical air embolism (17) .
Methods
The subjects of the study (N = 11) were informed, consenting adult patients (ASA class I or 11) scheduled for elective cervical laminectomy at the C5-6 level. 
Results
During surgery in the seated position, institution of 10-cm PEEP caused significant reductions in MAP (14%), stroke volume (15%), and CO (15%) without a change in HR or systemic vascular resistance (Table  1) . There was a 28% increase in pulmonary artery pressure (PAP) and a 47% increase in pulmonary vascular resistance (PVR). RAP increased significantly with PEEP, whereas PCWP did not increase significantly, and the mean interatrial pressure gradient (RAP-PCWP) changed from negative to positive (Fig.   2 ). Only two patients had RAP > PCWP before PEEP, whereas seven patients had RAP > PCWP during PEEP ( P < 0.05). 
Discussion
Patients undergoing operations in the seated position are at a considerable hernodynamic disadvantage with regard to venous air embolism. Cardiac output and stroke volume are decreased from values in the supine state (19) and many of these patients have a right atrial pressure that is higher than left atrial pressure (LAP), thus possibly placing them at risk for paradoxical air embolism (17) . Our results indicate that application of 10-cm H 2 0 PEEP in this situation causes a further reduction in cardiac output and mean arterial pressure while simultaneously resulting in a higher rightto-left interatrial pressure gradient. If PEEP is used prophylactically to prevent air embolism, it appears that small, otherwise asymptomatic, air bubbles in the venous circulation might be forced through a probepatent foramen ovale and into the arterial circulation where coronary or cerebral damage might occur. If used as treatment of suspected air embolism, PEEP tends to mimic the hemodynamic effects of air embolism (increased pulmonary vascular resistance, right ventricular and right atrial pressures, and decreased cardiac output) (20) , and therefore, might further impair cardiovascular performance at a critical juncture. Furthermore, because recent studies indicate delayed arrival of embolized air bubbles from above the superior vena cava (21), rapid institution of PEEP conceivably could deliver the critical increase in interatrial pressure gradient required to produce paradoxical air embolus. Although the minimal pressure gradient required to cause right-to-left shunting across a probepatent foramen ovale is not known, we have seen paradoxical air embolism in a patient with only a + 5 mm Hg RAP-PCWP gradient (17), and it has been shown that a + 4 mm Hg interatrial pressure gradient can produce a 50% right-to-left shunt in patients with an asymptomatic and previously unsuspected foramen ovale (22) . Because interpretation of the results of this study depends upon PCWP accurately reflecting LAP during PEEP, we felt it was imperative to ensure that the pulmonary artery catheter was always lodged in a perfused (zone 111) (16) lung segment at the time PCWP was measured. Several studies have warned against misinterpretation of PCWP during PEEP when the catheter tip is located in a superior, nonperfused branch of the pulmonary artery (23, 24) where raised airway pressure is transmitted to the catheter tip. These same studies, however, found that PCWP does reflect LAP accurately when the catheter tip is located in a perfused, dependent lung segment at levels of PEEP as high as 10-cm H20 pressure. Because we always obtained a measurable decrease in end-tidal COz fraction at the time of balloon inflation, thus indicating interruption of pulmonary blood flow (18), we believe that our measurements of PCWP accurately reflect the patients' LAP. Furthermore, we found that PCWP did not increase as much as RAP during PEEP, therefore mitigating against PCWP values being falsely elevated. We chose 10-cm H 2 0 as a reasonable level of PEEP to study because lower levels obviously were not effective in increasing venous pressure sufficiently to prevent air entrainment in the seated position, and our pilot studies showed that higher levels (i.e., 15-cm PEEP) caused profound cardiovascular depression in seated patients with the resultant risk of cerebrovascular insufficiency due to arterial hypotension. The fact that we could only increase mean venous pressure by 5 mm Hg makes us doubt that 10-cm H 2 0 PEEP can reliably prevent air entrainment from open veins in an incision that is 15-20 cm above heart level. To our knowledge, the threshold for entrainment of air into the circulation is not known, but clinical studies indicate that it might be as high as -5 cm HzO pressure (3). A recent report using prophylactic PEEP for neurosurgical procedures in the seated position found a 51% incidence of Doppler-detected air embolism (l), considerably higher than the 36% incidence for similar operations at our institution without PEEP (25) .
The hemodynamic effects of 10-cm HzO PEEP in anesthetized seated patients undergoing surgery appear to be similar to those previously measured in supine volunteers (12) and patients with cardiorespiratory disease (13-15): small reductions in cardiac output, stroke volume, and mean arterial pressure and a marked increase in pulmonary vascular resistance. At least three factors are thought to contribute to decreased cardiac output during PEEP: decreased venous return and impaired right ventricular filling as a result of elevated intrathoracic pressure (26) ; increased right ventricular afterload due to raised alveolar pressure and compression of pulmonary capillaries and precapillary arterioles (16) ; and decreased left ventricular end-diastolic volume resulting partly from decreased left ventricular end-diastolic pressure (13, 15) and partly from decreased left ventricular distensibility (10) (11) (12) .
The impact of these hemodynamic changes is reflected in our measurements of interatrial pressure gradient. Increased right heart afterload would tend to cause a relatively greater increase in RAP than LAP; whereas impaired left ventricular filling and decreased left ventricular end-diastolic volume would tend to minimize increases in LAP. The differences between right and left atrial pressures during PEEP are more marked in the present study than those previously measured in supine dogs (9,lO) ; although species difference is one possible explanation, we also believe this discrepancy is due to the additional effect of gravity on both pulmonary blood flow and blood volume in patients in the seated position.
We conclude that the use of PEEP therapy is not advisable during operations performed in the seated position. It impairs cardiovascular performance when it is already limited due to postural changes and when it might deteriorate further due to venous air embolism. It causes an increase in venous pressure that may not be sufficient to stop air entrainment from an incision 15-20 cm above heart level. Finally, because it increases right atrial pressure more than left atrial pressure, PEEP would tend to promote passage of air bubbles into the systemic circulation if a patient with a probe-patent foramen ovale were to develop venous air embolism.
